Evidence for Transovarial Transmission of Tomato Yellow Leaf Curl Virus by Its Vector, the WhiteflyBemisia tabaci  by Ghanim, Murad et al.
Evidence for Transovarial Transmission of Tomato Yellow Leaf Curl Virus
by Its Vector, the Whitefly Bemisia tabaci
Murad Ghanim, Shai Morin, Muhammad Zeidan, and Henryk Czosnek1
Department of Field Crops and Genetics, and the Otto Warburg Center for Biotechnology in Agriculture, Faculty of Agricultural,
Food and Environmental Quality Sciences, The Hebrew University of Jerusalem, Rehovot 76100, P.O. Box 12, Israel
Received August 12, 1997; returned to author for revision September 17, 1997; accepted November 9, 1997
The whitefly Bemisia tabaci is the only vector of the tomato yellow leaf curl geminivirus (TYLCV). The insect transmits the
virus in a persistent-circulative manner. TYLCV DNA was detected by polymerase chain reaction and by Southern blot
hybridization in progeny (eggs, first and second instars, adults) of single viruliferous whiteflies that developed on eggplant
or on cotton (two TYLCV nonhost plants). Furthermore, TYLCV DNA was present in the progeny of insects that had acquired
the virus through the egg. The adult progeny of the viruliferous insects and their own progeny were able to infect tomato test
plants, producing typical disease symptoms. Ovaries and maturing eggs of viruliferous insects contained viral DNA, as did
eggs laid by viruliferous insects maintained on an artificial diet. Eggs laid by nonviruliferous whiteflies on cotton plants
previously caged with viruliferous insects did not acquire viral DNA from the plant. Hence, TYLCV can be transmitted through
the egg for at least two generations. In the absence of an available plant host, the whitefly may serve as a reservoir of the
virus between growing seasons. © 1998 Academic Press
INTRODUCTION
Tomato yellow leaf curl virus (TYLCV) is the name
given to a group of geminiviruses transmitted by the
whitefly Bemisia tabaci (Cohen and Harpaz, 1964;
Czosnek et al., 1988a). TYLCV causes extensive dam-
age to tomato crops in many tropical and subtropical
regions worldwide (Czosnek and Laterrot, 1997). The
genome of TYLCV is either monopartite (Mediterra-
nean isolates) or bipartite (Thailand isolate) (for review
see Pico et al., 1996; Czosnek and Laterrot, 1997).
While the acquisition and transmission of TYLCV by B.
tabaci (also denominated Bemisia argentifolii) have
been studied in some detail (Cohen and Nitzany, 1966;
Zeidan and Czosnek, 1991; Mehta et al., 1994; Caciagli
et al., 1995; Caciagli and Bosco, 1997; Rubinstein and
Czosnek, 1997), the interactions between this gemini-
virus (as well as others) and its insect vector are still
poorly understood. Similarly to other whitefly-transmit-
ted geminiviruses (Duffus, 1987), B. tabaci transmits
TYLCV in a persistent-circulative manner (Cohen and
Nitzany, 1966; Rubinstein and Czosnek, 1997). The
nucleic acid of the virus remains associated with the
insect for its entire adult life; this long-term associa-
tion affects the transmission efficiency, longevity, and
fecundity of the insect, features reminiscent of an
insect pathogen (Rubinstein and Czosnek, 1997).
Hence, the relationship between TYLCV and B. tabaci
seems to be much subtler than the previous assump-
tions, depicting the passage of the virus in the insect
as neutral. In this communication we investigate
whether TYLCV is transmitted by its insect vector
through the egg.
Transovarial transmission of a plant virus by its
insect vector was first described by Fukushi (1933),
who showed that rice dwarf virus was transmitted for
several generations through the egg of the leafhopper
vector Nephotettix apicalis. The ability of the progeny
of viruliferous insects reared on immune plants to
infect susceptible hosts pointed to transovarial pas-
sage of the virus. Since then, transovarial passage of
several viruses in their leafhopper/planthopper (Grylls,
1954; Black, 1953), and aphid (Sylvester, 1969) vectors
has been described (for review see Matthews, 1991).
Transovarial transmission has been often associated
with replication of the virus in its vector (Fukushi, 1935;
Black, 1950; Duffus, 1963; Miyamoto and Miyamoto,
1966) and with deleterious effects on the insect host
(Sylvester, 1969, 1973; Sylvester and Richardson, 1969).
Usually, the virus was transmitted to some, but not to
all progeny.
Until now, all plant viruses that have been shown to
be transmitted to progeny were RNA viruses. Gemini-
viruses have not been considered to be transmitted
transovarially to progeny (Harrison, 1985; Lazarowitz,
1992). Using polymerase chain reaction (PCR), South-
ern blot hybridization, and transmission tests, we
present evidence that TYLCV can be transmitted to the
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progeny of viruliferous insects for at least two gener-
ations.
RESULTS
PCR analysis of progeny of viruliferous whiteflies
Whiteflies develop from an egg, through four
nymphal instars, into an adult. Figure 1A shows the
developmental time course under our experimental
conditions. The association of TYLCV DNA with devel-
oping eggs of viruliferous insects was investigated.
Viruliferous whiteflies were caged on eggplants and
on cotton plants (about 20 insects per plant) and on
two TYLCV nonhosts (Cohen and Nitzany, 1966; Al-
Musa, 1982). The adults were collected after 5 days
and the eggs were allowed to develop. Samples from
each developmental stage (Fig. 1A) were collected at
random. Total DNA was extracted from groups of 10
viruliferous females, 50 of their eggs, 20 crawlers, and
20 adult progeny. In parallel, DNA was extracted from
the same number of nonviruliferous females, their
eggs, crawlers, and adult progeny and from an in-
fected tomato leaflet. All samples were subjected to
PCR. Plasmid pTYH19 that contains a cloned copy of
the TYLCV genome was used as a positive control.
Figure 1B shows that the ;410-bp TYLCV DNA frag-
ment that was amplified from plasmid pTYH19, from
infected tomato, and from viruliferous whiteflies was
also amplified from the progeny of the viruliferous
females (eggs, crawlers, and adults), but not from
those of nonviruliferous insects. These results suggest
that TYLCV is transmitted to the progeny of viruliferous
whiteflies through the egg.
The offspring of a single viruliferous whitefly contain
TYLCV DNA
The question of whether TYLCV is present in all prog-
eny of a single viruliferous insect was addressed. Viru-
liferous whiteflies were allowed to lay eggs on eggplants
(one insect per plant). After 5 days, the insects were
collected and eggs were allowed to develop. In accor-
dance with the developmental time scale of Fig. 1A,
eggs, crawlers, pupae, and adults were collected in such
a fashion that all the individuals at a given developmen-
tal stage were progeny of a single insect. DNA extracted
from each individual was subjected to PCR amplification.
Figure 2 shows the ;410-bp viral DNA fragment ampli-
fied from 16 of the 23 eggs laid by a single viruliferous
whitefly. Twenty-five of the 30 crawlers issued from an-
other viruliferous insect contained viral DNA as did 7 of
the 13 pupae and 15 of the 16 adults issued from a third
and a fourth insect. Hence, TYLCV was transmitted to
some, but not to all, progeny of viruliferous whiteflies.
This analysis was extended to the progeny of nine
viruliferous whiteflies. Viruliferous insects were allowed
to lay eggs on eggplants and on cotton plants (one insect
per plant). Eggs, first and second instars, and adults
were collected in such a fashion that all the individuals at
a given developmental stage were progeny of three dif-
ferent insects. The progeny from a single insect were
kept separated from those of the other insects. DNA from
each individual was subjected to PCR amplification, as
described in the legend to Fig. 2. The results summa-
rized in Table 1 show that TYLCV DNA was amplified
from some, but not from all progeny. This proportion
varied from insect to insect. TYLCV DNA was present in
all of the developmental stages of the whitefly, from egg
to adult. Adult progeny of three additional viruliferous
insects were used to inoculate tomato test plants (see
below).
The second-generation progeny of a single
viruliferous whitefly contain TYLCV DNA
The passage of TYLCV through the egg from the first to
the second generation of viruliferous whiteflies progeny
was investigated using the methods described above.
Eggs laid by whiteflies that had acquired TYLCV from
infected tomato were allowed to develop on cotton. The
FIG. 1. Analysis of viruliferous whiteflies and their offspring by PCR.
(A) Development stages of the whitefly Bemisia tabaci and their dura-
tion, under our experimental conditions. The first instar is the crawler
stage; the fourth instar is the pupal stage. (B) Amplification of TYLCV
DNA from groups of 50 eggs, 20 crawlers and 20 adults, from offspring
of viruliferous whiteflies, and from the same number of progeny of
nonviruliferous insects; infected tomato plants and plasmid pTYH19 are
positive controls. The reaction products were submitted to agarose gel
electrophoresis and stained with ethidium bromide. Thick arrow, am-
plified TYLCV DNA; thin arrow, primers.
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adult offspring, 1 to 5 days after emergence, were caged
with cotton plants, one insect per plant. After 5 days, the
insects were collected and analyzed by PCR for the
presence of TYLCV DNA. Only the progeny of those
insects that contained viral DNA were further analyzed.
Eggs, first and second instars, and adults were collected
as described above. The progeny from a single insect
were kept separated from those of the other insects.
DNA extracted from each individual was subjected to
PCR amplification and the products were analyzed as
described in the legend to Fig. 2. The results obtained
with progeny of nine insects are summarized in Table 1.
TYLCV DNA was present in all of the developmental
stages of the progeny of whiteflies that have acquired the
virus through the egg. The proportion of individuals con-
taining viral DNA varied from one insect to another and
was similar to that found in the first generation progeny
of viruliferous insects. These results showed that TYLCV
was transmitted through the egg for two generations.
Adult progeny of three insects, second generation prog-
eny, were used to inoculate tomato test plants.
Southern blot analysis of DNA extracted from groups
of eggs, crawlers, and adults, offspring of the first and
the second generation of viruliferous whiteflies, indi-
FIG. 2. PCR amplification of TYLCV DNA in the developing progeny of individual viruliferous whiteflies. All the individuals collected at each
developmental stage are offspring of a single whitefly. The reaction products were submitted to agarose gel electrophoresis, blotted, and hybridized
with the virus DNA probe.
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cated that they all contained a single detectable TYLCV
DNA species, comigrating with the virus genomic DNA
from viruliferous whiteflies (Fig. 3).
Two generations of viruliferous whitefly offspring can
transmit TYLCV to tomato test plants
All the adult progeny that developed from eggs laid on
eggplants or on cotton during a 5-day period by a single
viruliferous whitefly were tested for their ability to trans-
mit TYLCV to tomato test plants. The whiteflies were
caged with tomato plants (one insect per plant) for 72 h.
The presence of viral DNA in the plant was assessed by
squash blot hybridization 3 and 6 weeks thereafter, and
the disease symptoms were monitored throughout this
period. The results of inoculation by 10 insects, progeny
of a single viruliferous whitefly, are shown in Fig. 4A. Two
of the 10 test plants contained detectable viral DNA and
presented typical disease symptoms. Hence 2 of 10
insects were able to transmit TYLCV.
The results obtained with the adult progeny of three
viruliferous whiteflies (summarized in Table 1) showed
that 5 of 50 insects were able to infect tomato plants,
producing symptoms similar to those obtained in white-
fly-mediated plant-to-plant inoculation. In similar control
experiments, insects that fed on infected tomato plants
for 48 h were able to infect tomato test plants (one
insect/one plant) with an efficiency of 60 to 100%.
All the adult progeny of three whiteflies, second gen-
eration offspring of viruliferous insects, were tested for
their ability to transmit TYLCV to tomato tests plants, as
described above. Four of 49 insects were able to inocu-
late tomato test plants (Table 1). These results showed
that the second generation of insects that acquired
TABLE 1
Transovarial Passage of TYLCV to the Progeny of Viruliferous Whiteflies during Two Generations
First generation progeny: replicate number Second generation progeny: replicate number
1 2 3 1 2 3
Eggs with TYLCVa 16/23E 15/18E 15/16E 15/32C 7/18C 4/18C
Crawlers with TYLCVa 4/37C 14/18C 7/13C 14/22C 9/11C 12/16C
Adults with TYLCVa 4/27C 22/30C 20/24C 17/18C 14/16C 10/18C
Infectivity of adultsb 2/10E 3/20E 0/20C 1/15C 1/16C 2/18C
Note. Individuals at each developmental stage in every replicate were progeny from a distinct insect. E,C Insects reared on eggplant or on cotton.
a Number of individuals containing TYLCV DNA detected by PCR/total number.
b Number of individuals able to infect tomato plants in a one insect–one plant test/total number.
FIG. 3. Detection of TYLCV DNA in Southern blots of eggs, crawlers,
and adults, first and second generation progeny of viruliferous insects.
DNA was isolated from groups of 50 eggs, 30 crawlers, and 20 adults,
subjected to electrophoresis, blotted, and hybridized with the virus-
specific DNA probe. The virus genomic DNA is indicated by an arrow
(ssDNA).
FIG. 4. Transmission of TYLCV to tomato test plants (one insect per
plant) by first and second generation offspring of viruliferous insects.
(A) Squash blot hybridization of plants (numbered 1–10) following in-
oculation by first generation progeny of a single viruliferous insect. 0,
noninfected plant; INF, tomato plant infected following normal plant-to-
plant transmission. (B) Southern blot hybridization of DNA from symp-
tomatic plants infected by first and second generation progeny of
viruliferous whiteflies. 0, tomato plant infected following normal plant-
to-plant transmission. 1–4, tomato plants infected by progeny of viru-
liferous insects. ssDNA, single-stranded TYLCV genomic DNA. dsDNA,
double-stranded DNA replicative forms of the virus genomic DNA
(upper band, relaxed; lower band, supercoiled).
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TYLCV through the egg was able to transmit the virus to
plants with efficiency similar to that of the first genera-
tion.
The Southern blot analysis shown in Fig. 4B indicated
that the symptomatic tomato plants inoculated by the
progeny of viruliferous insects and their second gener-
ation offspring contained TYLCV-associated viral DNA
forms similar to those present in naturally infected toma-
toes.
Developing eggs, instars, and adults could not
acquire TYLCV from eggplant or cotton on which
viruliferous whiteflies laid their eggs
We had to exclude the possibility that eggs acquired
TYLCV DNA from the plants on which they developed.
During the 5-day oviposition, it is likely that the insect
injected virus while phloem feeding on cotton or egg-
plant. Although these plants are immune to TYLCV (Co-
hen and Nitzany, 1966; Al-Musa, 1982), it is still possible
that the virus was present in undetectable amounts (rep-
licating or not) in the cells on which the developing eggs
were feeding. As a result, the freshly laid eggs may have
acquired the virus from the few inoculated cells via the
pedicel, although it penetrates only the leaf epidermis
(Pollard, 1955). TYLCV may also have been acquired at a
later developmental stage, by crawlers that are known to
feed on phloem (Pollard, 1955) and by adults.
Experiments were conducted (mimicking the experi-
mental conditions described above) to verify that prog-
eny of viruliferous whiteflies, at any developmental stage,
could not acquire TYLCV from the plant on which eggs
were laid. One viruliferous insect was caged on each of
five eggplants and five cotton plants, using a 2 cm diam-
eter leaf cage. After 10 days, the adult as well as all eggs
and instars were collected and discarded. Nonvirulifer-
ous insects were caged for 5 days on the same plants
(one insect per plant), at the same location, using leaf
cages. All the crawlers that developed from the eggs and
that were analyzed for the presence of TYLCV DNA by
PCR did not contain TYLCV DNA, indicating that eggs
and crawlers did not acquired TYLCV DNA from the
plants. Five cotton plants and five eggplants were caged
for 10 days with about 200 viruliferous whiteflies each.
The viruliferous insects were discarded, and nonvirulif-
erous ones were caged with these plants (200 insects
per plant) for 48 h. These whiteflies were then collected
and caged on six tomato plants for 48 h (50 insects per
plant, three plants with insects from eggplants and three
with insects from cotton). Observation of plants for symp-
toms and hybridization of plant extracts with virus-spe-
cific DNA probes showed that none of the tomato plants
was inoculated by these insects. Therefore adult prog-
eny of viruliferous whiteflies could not have acquired
(sufficient amounts of) viral DNA from eggplants or cot-
ton plants to inoculate tomato test plants.
Eggs laid by viruliferous insects on artificial medium
contain TYLCV DNA
In order to avoid possible contamination of eggs with
TYLCV from the plants, insects were allowed to lay eggs
on artificial medium. After a 5-day ovoposition period, the
eggs were collected individually. Total DNA from each
egg was extracted and subjected to PCR. In one case, 23
of the 25 eggs laid by an insect contained TYLCV DNA;
in another case, 16 of the 17 eggs laid by another insect
contained viral DNA. Hence, the eggs were laid while
already containing viral DNA.
Ovaries and developing eggs of viruliferous insects
contain TYLCV DNA
The experiments described above referred to devel-
oping eggs, after oviposition. Viruliferous insects were
dissected to verify that the ovaries and the mature
eggs in the ovary contained viral DNA. The organs
were washed until no viral DNA could be amplified by
PCR from the wash. Samples from ovaries and from
mature eggs were observed in the scanning electron
microscope (Figs. 5A and 5B). DNA prepared from
individual ovaries and from single maturing eggs was
subjected to PCR, and the products were analyzed as
described above. The results presented in Fig. 5C
show that viral DNA was present in the ovaries and in
the mature eggs of viruliferous insects. Washing the
eggs with mineral oil to avoid possible contamination
with hemolymph did not eliminate the viral DNA.
DISCUSSION
In this study, we have examined whether TYLCV can
be transmitted to the progeny of viruliferous whiteflies
through the egg. The rationale of this question was
based on observations regarding the survival of the virus
between growing seasons of tomato: (1) The virus is not
transmitted through seeds of infected plants; (2) there is
no obvious alternative host to tomato that has been
shown to be the likely reservoir of the virus between
seasons; (3) infection of tomatoes starts almost immedi-
ately after planting even when the insect population is
not at its peak (Cohen et al., 1988). Therefore, we have
postulated that the whitefly serves as a source for the
virus, which is passed from generation to generation
through the egg.
Besides the molecular biology techniques that were
not available at that time, we have followed method-
ologies used to demonstrate transovarial passage of a
number of plant viruses by their leafhopper, planthop-
per, or aphid vector (Black, 1950, 1953; Grylls, 1954;
Duffus, 1963; Sylvester, 1969; Sylvester and Richard-
son, 1969, 1970). We have shown here by PCR ampli-
fication, by Southern blot hybridization, and by trans-
mission tests that indeed TYLCV can be found in
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progeny of a single viruliferous insect for at least two
generations, demonstrating that TYLCV can be trans-
mitted through the egg.
In experiments aimed at detecting transovarial trans-
mission, it is essential to eliminate the possibility that the
progeny acquire the virus from plants on which they are
reared. Inoculation and transmission tests using white-
flies have shown that cotton and eggplant are TYLCV
nonhosts (Cohen and Nitzany, 1966; Al-Musa, 1982). Re-
gardless, we had to exclude the possibility that eggs,
crawlers, or adult whiteflies acquired the virus from the
eggplant and cotton on which viruliferous insects fed
during oviposition. Ideally, the eggs laid by viruliferous
whiteflies and by their offspring should have been trans-
ferred immediately to new plants to avoid possible con-
tamination. Unfortunately whitefly eggs did not develop
after transplantation on eggplant, cotton, or tomato.
Therefore, we tested the possibility that eggs, crawlers,
or adults could acquire (and later transmit) TYLCV from
the eggplant and cotton plant on which viruliferous in-
sects had fed. Eggplants and cotton plants on which a
single viruliferous insect had laid its eggs did not contain
TYLCV DNA in amounts detectable by PCR. Egg and
crawler progeny of nonviruliferous insects were unable
to acquire virus from such plants. Moreover, nonvirulif-
erous adults were unable to acquire (or later transmit)
the virus from cotton and eggplants previously caged
with a large number of viruliferous insects. We have tried
to use artificial media to achieve development of the
progeny of viruliferous insects as an alternative to non-
host plants. We found that eggs laid and maintained on
artificial diet also contained TYLCV DNA. On the diet we
used, eggs developed until the second instar stage only,
preventing us from assessing the ability of the adult
insect to transmit the virus to tomato test plants. The
most successful diet described allowed development to
fourth instar only; complete development to the adult
stage has not been achieved (Jancovich et al., 1997).
The way in which TYLCV penetrates the whitefly re-
productive system is unknown. TYLCV is transmitted by
the whitefly B. tabaci in a persistent-circulative manner.
Similarly to other geminiviruses, TYLCV is acquired while
feeding and passes through the alimentary canal and the
midgut, enters the hemolymph, and finally reaches the
salivary glands from which it is transmitted to the plant
(Harris et al., 1995). Dissection and analysis of the repro-
ductive system of viruliferous whiteflies showed that
both the ovaries and the maturing eggs contained TYLCV
DNA. Observations on the maturation process of eggs in
the ovaries suggest a possible role of insect endosym-
bionts in virus transovarial transmission. Whitefly endo-
symbionts (as well as endosymbionts from leafhoppers,
aphids, and mealybugs) are passed from generation to
generation only via the egg. Endosymbionts are incorpo-
rated during egg maturation, penetrating via an aperture
in the membrane (Costa et al., 1996a). It is possible, but
not proven, that TYLCV penetrates the egg at this stage.
Indeed, electron microscope observation indicated that
rice dwarf virus enters the egg on the membrane surface
of one type of endosymbiont of the mycetome of the
leafhopper vector Nephotettix cincticeps (Nasu, 1965). In
whiteflies, unidentified virus-like particles have been ob-
served abutting the nuclear membrane in ovarian tissue
and in mycetocyte cells (Costa et al., 1996b), suggesting
FIG. 5. Presence of TYLCV in ovaries and in developing eggs of viruliferous insects. (A and B) Ovaries were dissected from viruliferous whiteflies
and observed in the scanning electron microscope. (A) Ovaries with immature eggs. (B) Ovaries with a mature egg. (C) PCR amplification of TYLCV
DNA from two individual ovaries and from a single egg. The products were analyzed by agarose gel electrophoresis, stained with ethidium bromide
(top), blotted, and hybridized with a virus-specific probe (bottom). Plasmid pTYH19 was a positive control.
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that virus may invade B. tabaci eggs via the endosymbi-
ont. Our recent findings demonstrating that TYLCV cap-
sid protein contains a functional nuclear localization sig-
nal that allows the protein to penetrate insect cell nuclei
(Kunik et al., 1997) may be relevant to the mechanism by
which the virus finds its way into maturating whitefly
eggs.
Invasion of the whitefly reproduction system and
transmission of TYLCV to progeny is one of the many
facets of the interaction of the virus with its vector.
Following acquisition after emergence, the amount of
viral DNA remained approximately constant during the
30- to 40-day-long adult life of the insect, whereas the
capsid protein vanished after about 10 days and the
transmission efficiency decreased from 100 to 10%
(Rubinstein and Czosnek, 1997). These findings imply
that most of the virus, considered as an infectious
entity, leaves the transmission pathway progressively.
A decrease of approximately 20% in the life expect-
ancy of the insect and a reduction of 50% in the
number of eggs laid accompanied the long-time asso-
ciation of TYLCV with the whitefly (Rubinstein and
Czosnek, 1997). The decrease in fertility may be a
result of TYLCV invading the insect reproduction tis-
sues and penetrating (and perhaps aborting part of)
the maturing eggs. Of the plant viruses transmitted
through the egg, some invade many insect tissues and
organs (Sylvester and Richardson, 1970), replicate in
their insect vector (Sylvester, 1969; Sylvester and Ri-
chardson, 1969), and cause a decrease in the longev-
ity of their insect host (Sylvester, 1973).
In our study, we have used mainly PCR technology
to detect the presence of TYLCV DNA in offspring of
viruliferous whiteflies. The large proportion of individ-
uals that contained TYLCV DNA contrasted with the
small proportion of insects that were able to transmit
the virus in biological tests (Table 1). Hence, most of
the insects contained virus below the amount needed
to infect tomato plants. In each generation, up to 20%
of the offspring were able to infect tomato plants,
compared with 60 to 100% of the insects that acquired
the virus from infected plants. These figures provide
an estimation of the rate at which inoculativity of an
insect population diminishes from generation to gen-
eration, in the absence of an external virus source and
provided that there is no input of exogenous virulifer-
ous insects.
The finding that TYLCV can be transmitted from insect
to insect through the egg is of importance in the epide-
miology of the TYLCV disease. In the absence of a host
plant, the whitefly may constitute the major host of the
virus between growing seasons and may serve as a
reservoir immediately available when tomato plants are
planted in the open field.
MATERIALS AND METHODS
Maintenance of virus cultures, whiteflies, and plants
Cultures of the Israeli isolate of TYLCV (Navot et al.,
1991) were maintained in tomato plants (Lycopersicon
esculentum, cv. Daniella). B. tabaci of the B biotype
(Cohen, 1993) were reared on cotton plants (Gossypium
hirsutum, cv. Akala) grown in insect-proof wooden cages
at 24–27°C, as previously described (Zeidan and Czos-
nek, 1991).
Acquisition of TYLCV by adult insects, oviposition,
and transmission of TYLCV by adult progeny
All experiments were conducted in insect-proof
wooden cages kept at 24–27°C in an insect-proof growth
chamber; leaf cages were used when necessary. TYLCV
was acquired by whiteflies, 5–8 days after emergence,
after being caged for 48 h with the youngest true leaf of
infected tomato plants. The viruliferous insects were
caged with either cotton plants (G. hirsutum, cv. Akala) or
eggplants (Solanum melongena, cv. Hishtil) at their two
to four leaf stage for a 5-day oviposition period. Inocula-
tion of TYLCV by adult progeny of viruliferous insects
was achieved by caging a single insect with the young-
est true leaf of a tomato seedling at its two to four leaf
stage.
Sampling whiteflies at different development stages
Viruliferous whiteflies were caged with eggplants and
with cotton plants (one insect per plant, 20 plants). The
insects were collected individually after 5 days. All the
eggs laid by a single whitefly were collected from some
of the plants, while the eggs were allowed to develop on
the remaining plants. In accordance with the develop-
mental time scale of Fig. 1A, the crawlers were collected
from a second group of plants, the pupae from a third
group, and the adults from a fourth group of plants. In this
manner, all the individuals collected at a given develop-
mental stage from a distinct plant were progeny of a
single viruliferous whitefly.
Preparation of insect DNA and amplification of TYLCV
DNA using the PCR
Individual eggs, instars, or adults were homogenized
in 30, 40, or 100 ml (respectively) of a solution comprising
100 mg/ml proteinase K, 0.45% Triton X-100, 0.45% Tween
20, and 1 M Tris–HCl, pH 8.0. The mixture was incubated
at 55°C for 1 h followed by 10 min at 100°C and 5 min at
0°C. The mixture was cleared by a 5-min centrifugation
at 10,000 g. The supernatant (2 ml) was used for the PCR
(50 ml). It was sometimes necessary to dilute the super-
natant (1/10 to 1/1000) to get efficient amplification.
A ;410-bp TYLCV DNA fragment was amplified using
two primers deduced from the nucleotide (nt) sequence
of the genome of TYLCV from Israel (Navot et al., 1991):
301TRANSMISSION OF TYLCV BY Bemisia tabaci
V61 (nt 61–80, viral strand, 59ATACTTGGACACCTAAT-
GGC39) and C473 (nt 473–457, complementary strand,
59AGTCACGGGCCCTTACA39). Oligonucleotides were
purchased from Biotechnology General (Rehovot, Israel).
The cycling protocol (using a Techne PHC-2 thermocy-
cler) was as follows: initial denaturation for 3 min at
95°C, annealing of primers for 1 min at 45°C, addition of
1 unit of TaqI polymerase, extension for 2 min at 72°C,
and denaturation for 1 min at 94°C; subsequent cycles
were: 1 min at 45°C, 2 min at 72°C, and 1 min at 94°C;
after 30 cycles, the reaction was terminated by a 10 min
incubation at 72°C (Navot et al., 1992). The PCR products
were subjected to electrophoresis in a 1% agarose gel
and were photographed. The amplified virus DNA was
identified after blotting and hybridization with radiola-
beled plasmid pTYH19 containing a full-length copy of
the TYLCV genome (Navot et al., 1991). Autoradiography
was for 1 to 5 h.
Detection of TYLCV DNA in plants and in insects by
squash blot and Southern blot hybridization
Squashes of tomato leaves were prepared and hybrid-
ized with a radiolabeled DNA probe as described previ-
ously (Navot et al., 1989). Total DNA extracted from tomato
plants and from insects (egg, instar, and adult) was hybrid-
ized with radiolabeled plasmid pTYH19 as described (Czos-
nek et al., 1988b; Zeidan and Czosnek, 1991).
Dissection of ovaries and maturing eggs of B. tabaci
and observation in the scanning electron microscope
Insects were kept on the microscope cylindrical mount
using double-sided adhesive tape. The abdomen was
separated from the thorax and pressing the tip of the
abdomen expelled its content. The internal organs were
washed several times with water using a Pasteur pipette
with a narrow tip, and the ovaries were separated from
the other organs. For PCR analysis, DNA was extracted
as described above. For microscope observation, the
tissues were processed essentially as described by Na-
tion (1983), omitting the treatment with hexamethyldisi-
lazane. Ovaries were fixed by immersing the tissues in
0.2% glutaraldehyde, 4% paraformaldehyde in PBS for 5
min. The tissues were then flushed two to three times
with sterile distilled water and allowed to air dry. The
samples were observed in a JOEL 5410 LV scanning
electron microscope at low vacuum.
Oviposition on artificial medium
Viruliferous insects were placed in a 5-ml glass vial
(one insect per vial). The vial was covered with a layer of
Kimwipes held in place with a layer of stretched Parafilm
membrane (the paper allowed the eggs to stick). About
0.5 ml LB medium containing 15% sucrose was depos-
ited on the membrane and covered with a second layer
of stretched Parafilm membrane.
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